We have demonstrated that homocysteine (Hcys) stimulates de novo ceramide synthesis and thereby induces NADPH oxidase activation by increase of Rac GTPase activity in rat mesangial cells (RMCs). However, which isofrom of Rac GTPases is involved in Hcys-induced NADPH oxidase activity and what mechanism mediates Hcys-induced Rac GTPase activation remain unknown. The present study first addressed the role of Rac1 and then determined the contribution of a subfamily of Guanine Nucleotide Exchange Factors (GEFs), Vav, to the action of Hcys on Rac and NADPH oxidase activities in RMCs. By small interfering RNA (siRNA), it was found that Rac1-siRNA attenuated Hcys-induced superoxide (O 2 -.
Introduction
Hyperhomocysteinemia (hHcys) is known as a critical pathogenic factor in the progression of end-stage renal disease (ESRD) and in the development of cardiovascular complications related to ESRD [1] [2] [3] [4] . We and others have demonstrated that oxidative stress mediated by NADPH oxidase is importantly involved in the progressive glomerular injury associated with hHcys [5] [6] [7] [8] . NADPH oxidase is a multiprotein complex in which cytosolic subunits (p47 ). Nox proteins are a family of gp91 phox -like proteins which include several known members, namely, NOX1, NOX2 (gp91 phox ), NOX3, NOX4, and NOX5, DUOX1 and DUOX2 [9] [10] [11] [12] . Activation of this redox signaling enzyme complex is dependent on the assembly of all subunits to the membrane that involves several regulatory mechanisms, such as p47 phox phosphorylation and translocation, Rac GTPase activation and protein-protein interactions between subunits [9, 13, 14] . Previous studies in our laboratory have demonstrated that Hcys stimulated de novo ceramide synthesis and thereby induced NADPH oxidase activation by enhancing Rac GTPase activity in RMCs [6, 7] . However, the mechanism by which Hcys increases Rac GTPase activity and consequent activation of NADPH oxidase in these glomerular cells remains unknown.
Rac GTPases are members of Rho-family GTPases which serve as an important molecular switch in cells regulating many biological activities such as cell growth, apoptosis, differentiation, adhesion, migration and vesicle trafficking [15, 16] . This diverse range of activities is paralleled by the interaction of Rac GTPases with different signaling molecules or effectors such as serum response factor (SRF), nuclear factor kB (NF-kB) transcription factors, c-jun N-terminal kinase (JNK), p38 mitogen-activated protein kinase and NADPH oxidase complex [15] [16] [17] [18] . It has been documented that there are three highly homologous Rac GTPases in mammals, including Rac1 ubiquitously distributed, Rac2 expressed in neutrophils, and Rac3 predominantly found in the central nervous system [10] . These Rac GTPases control cellular processes by cycling between two conformational states: a GTP-bound "active" state and a GDP-bound "inactive" state. The transition between these two conformations is tightly regulated by three classes of proteins, which are GTPase activating proteins (GAPs) stimulating the intrinsic GTPase activity and thereby pushing the switch towards the inactive state, guanine nucleotide dissociation inhibitors (GDIs) that keep the GTPases in the GDPbound inactive conformation, and guanine nucleotide exchange factors (GEFs) facilitating the exchange of GDP for GTP and thus activating Rac GTPase [19] . Among these regulatory proteins, GEFs are directly responsible for the activation of Rac GTPase and therefore play a central role in the regulation of Rac GTPase activity. So far, a well-studied subfamily of GEFs regulating the activity of Rac GTPases is the Vav family [10, 20, 21] . Very recent studies have indicated the critical role of Vav family in the regulation of NADPH oxidase activity. For example, Miletic et al reported that Vav family as critical mediators of LPS-induced MyD88-dependent activation of Rac GTPase and NADPH oxidase [22] . Other studies also demonstrated that the essential role of Vav for the regulation of NADPH oxidase activity by activation of Rac GTPase in neutrophils [23, 24] . However, whether this Vav family is involved in Hcys-induced NADPH oxidase activity associated with activation of Rac GTPase is still unknown. The present study was designed to first elucidate the role of ubiquitously distributed Rac1 in Hcysinduced NADPH oxidase activity in RMCs by gene silencing and then to determine the contribution of the Vav family to Hcys-induced increase in Rac GTPase activity and NADPH oxidase activity in RMCs. Our results suggest that Vav2 is a predominant isoform of GEF-Vav subfamily in RMCs and that Vav2 participates in Hcys-induced increases in Rac1 activity and consequent activation of NADPH oxidase. The de novo ceramide synthesis is importantly involved in Hcys-induced Vav2 activity, which is associated with its tyrosine phosphorylation.
Materials and Methods

Culture of RMCs
RMCs were obtained from the American Type Culture Collection (ATCC) and incubated and propagated in Dulbecco's modified Eagle's medium (DMEM) containing 18 mM sodium bicarbonate, 25 mM glucose, 0.6 µM G418, and 15% fetal Bovine serum (FBS) with 4 mM L-glutamine at 37°C in 5% CO 2 atmosphere as we described previously. In the present study, the concentration and the incubation time of L-Hcys treatment were chosen based on previous studies [6] .
RNA extraction and real time RT-PCR
Total RNA was isolated from renal tissue or RMCs using TRIzol reagent (GIBCO, Life Technologies, Carlsbad, CA) according to the protocol described by the manufacturer. The mRNA levels for Vav isoforms were analyzed by real-time quantitative RT-PCR using a Bio-Rad iCycler system (Bio-Rad, Hercules, CA) according to the protocol described by the manufacturer. The mRNA level was normalized to the 18S mRNA. The specific primers for Rac-1 based on the core sequence of rat Rac1 cDNA (Accession number NM_134366) were 5'-GCG TTC CCT GGA GAG TAC CT-3' (Rac 
RNA interference
Small interference RNAs (siRNAs) were purchased from QIAGEN. The DNA target sequence for Rac1-siRNA is 5'-AAG AGA TCG GTG CTG TCA AAT-3', which is from the C-terminal of region Rac1. The DNA target sequence for Vav2-siRNA is 5'-AAG GAG AGG TTC CTT GTT TAT-3'. The scrambled small RNA (AAT TCT CGA ACT GTC ACG T) has been confirmed as non-silencing double stranded RNA and was used as control in the present study. In these experiments, siRNA transfection was performed according to the manufacturer's instruction in Bio-Red siLentFect TM Lipid transfection kit.
Rac GTPase activation assay
A specific pull-down experiment was performed to determine Rac GTPase activation using a Rac activation assay kit (Upstate, Lake Placid, NY) as described previously [6] . Briefly, the RMCs were lysed in Mg 2+ lysis buffer (MLB). After precleaned by glutathione agarose, the pull-down proteins (500 µg per sample) were incubated with 10 µg of PAK-1 PBD agarose for 1 h at 4°C to bind Rac-GTP. Then, the pelleted beads were washed three times with MLB, resuspended in 25 µL of 2X Laemmli reducing sample buffer, and boiled for 5 minutes. The sample mixtures were then loaded on SDS-PAGE gels. The bound active GTP-Rac was analyzed by Western blotting using anti-Rac monoclonal antibody.
Western blot analysis
Western blotting was performed as described previously [7] . Briefly, 50 µg proteins were subjected to SDS-PAGE, transferred onto a nitrocellulose membrane, and blocked. The membrane was probed with primary polyclonal antibodies: antiVav1, anti-Vav2 (Invitrogen, 1:500), anti-Vav3 (Epitomics, 1:500) and pVav2 (Tyr 172 ) (Santa Cruz, 1:500) overnight at 4°C followed by incubation with horseradish peroxidase-labeled anti-rabbit IgG (1:5000). The immunoreactive bands were detected by chemiluminescence methods and visualized on Kodak Omat film. All films with immunoreactive blots were scanned by a densitometer and the intensity of corresponding protein bands was quantitated using UN-SCAN-IT software (Silk Scientific, Inc., Orem, UT, USA). Relative protein expression levels were normalized to control group.
O 2 .-detection by Eelectronic Spin Resonance (ESR)
The measurement of O 2 .-by ESR was followed by our previous studies [25] . Gently collected RMCs were suspended in modified Kreb's/HEPEs buffer containing deferoximine (25 µM, metal chelator). Approximately 1 x 10 6 RMCs were mixed 
Immunofluorescent microscopy
Immunoflurescence staining was performed as described previous [4] . General, RMCs treated with Hcys or C16-Cer at different time were incubated for 1 hour at room temperature with rabbit anti-pVav2 (1:150, Santa Cruz) by incubation with Texas Red-conjugated anti-mouse antibody (Santa Cruz) for an additional 2 hours at room temperature. The slides were examined by fluorescent microscopy with a Nikon 40 Plan Apo oil-immersion lens. The images were captured with a Spot CCD camera (Diagnostic Instruments, Inc., Sterling Heights, MI, USA) and exported into Adobe Photoshop 7.0. All exposure settings were kept constant for each group of cells.
Statistics
Data are presented as means ± SE and normalized to control. Significant differences between and within multiple groups were examined using ANOVA for repeated measures, followed by Duncan's multiple-range test Student's t-test was used to evaluate the significant differences between two groups of observations. P < 0.05 was considered statistically significant.
Results
Effect of Rac1 gene silencing on Hcys-induced NADPH oxidase activity
Although previous studies have demonstrated the involvement of Rac GTPase in Hcys-induced activation of NADPH oxidase in RMCs, it remains unknown which isoform of Rac is mainly responsible for the action of Hcys. Given the ubiquitous expression of Rac1, we examined the role of this Rac isoform in Hcys actions using specific gene silencing. As shown in Figure 1A , real time RT-PCR analysis revealed that Rac1 mRNA level decreased by 81% in Rac1-siRNA transfected 
Vav2: a predominant isoform of Vav family in RMCs
To detect the expression of Vav family in cultured RMCs, real-time quantitative RT-PCR and Western blot analysis of isoforms of Vav family were performed. In these experiments, renal tissue was used to detect the expression of Vav family members. As shown in Figure Fig. 3 Figure 2C . Based on these results, it seems that Vav2 is a predominant isoform of Vavs in RMCs.
Contribution of Vav2 to Hcys-induced Rac1 activation
Since there is no specific inhibitors for Vav2, siRNA for Vav2 gene silencing was used to determine the role of Vav2 in the regulation of Hcys-induced Rac GTPase and NADPH oxidase activity. By real-time RT-PCR and Western blot analysis, Vav2 mRNA and protein expressions in RMCs were decreased by 63% and 52 %, respectively when these cells were transfected Figure 3A and B) . As shown in Figure  3C , in RMCs treated with scrambled small RNA (control), Hcys produced a significant increase in GTP-bound Rac (activated Rac) protein levels, which was significantly blocked by Vav2-siRNA. Similar results were obtained from C16-Cer-treated RMCs as shown in Figure 3D . C16-Cer was used because this sphingolipid was confirmed to mediate the action of Hcys on activation of Rac-GTPase [6] .
Inhibition of Hcys-enhanced NADPH oxidase activity by Vav2 siRNA
In previous studies, we reported that the consequence of Hcys-induced activation of Rac GTPase is increases in NADPH oxidase activity. Therefore, we then determined the effect of Vav2 siRNA on NADPH oxidase activity. By ESR analysis, we found that both Hcys and C16-Cer significantly increased O 2 -.
in RMCs by 93% and 72% in RMCs, respectively, When these production were markedly blocked ( Figure 4) .
Association of Tyrosine-phosphorylation with Hcys-induced Vav2 activity
To explore the mechanism by which Hcys and its intermediate action product, ceramide increase Vav2 activity, we first examined whether the effect of Hcys is associated with increased expression of this GEF in RMCs. It was found that neither mRNA nor protein expression of Vav2 had significant change when these cells were treated with Hcys or C16-Cer (data not shown). Next, we tested whether the phosphorylation of an analogous residue Tyr 172 in Vav2 is altered by Hcys, since the activity of Vav1 is regulated by phosphorylation of a conserved tyrosine 174 (Tyr 174 ) [26] . Western blot analysis and immunofluorescence analysis were performed for this purpose. As shown in Figure 5A 
Blockade of Hcys-induced Vav2 phosphorylation by inhibition of de novo ceramide synthesis pathway
To further examine whether Hcys-stimulated Vav2 phosphorylation is associated with enhanced production of ceramide in RMCs, we examined the effects of inhibition of de novo ceramide synthesis on the increase in Vav2 phosphorylation induced by Hcys. As shown in Figure 6 , Western blot analysis of pVav2 demonstrated that Hcys significantly increased Vav2 phosphorylation levels. In the presence of fumonisin B 1 (FB 1 ), an inhibitor of de novo ceramide synthesis, Hcys-induced increase in Vav2 phosphorylation was substantially attenuated. The results were summarized in Figure 6B , where the density of pVav2 specific blots was higher in cells treated with Hcys alone, both not in cells treated with Hcys plus FB 1 .
Discussion
In the present study, we examined the role of Vav2-mediated Rac1 signaling pathway in Hcys-induced NADPH oxidase activity in RMCs. By using siRNA to knockdown Rac1, we successfully inhibited the expression of this enzyme and attenuated Hcys-induced activation of NADPH oxidase. Furthermore, we characterized the expression of Vav, a subfamily of GEFs in RMCs and renal tissue and found that Vav2 was a predominant isoform of GEF-Vav subfamily in RMCs. Finally, we demonstrated that Vav2 played a contributing role in Hcys-induced increase in Rac1 activity and consequent activation of NADPH oxidase in RMCs and that Hcysinduced de novo ceramide synthesis was importantly involved in Hcys-enhanced Vav2 activity, which is associated with its tyrosine phosphorylation.
It is well known that NADPH oxidase-mediated redox signaling importantly contributes to the regulation of cell functions in many mammalian cells [10, 27] . In regard to the regulation of this enzyme, numerous studies have demonstrated that the contributing role of Rac GTPase to NADPH oxidase activity [14, 28] . Rac GTPase as a regulator of NADPH oxidase was first described in phagocytes [18, 29] , where Rac2 controls O 2 -.
production. Recently, Rac1-mediated NADPH oxidase activity has been demonstrated to be a major isoform in nonphagocytic cells such as vascular endothelial and smooth muscle cells and cardiac myocytes, which may mediated the action of different stimuli including angiotensin II (Ang II), PDGF, and endothelin [6, 14, [30] [31] [32] [33] . There is general agreement that activation of Rac is associated with recruitment of p67 studies in our laboratory have demonstrated that Hcys increased Rac GTPase and NADPH oxidase activity using pharmacological assays such as a small GTPase inhibitor GDPβS [6] and a Rac GTPase specific inhibitor NSC23766 [34] , these studies did not attempted to address which specific isoform of Rac exerts actions in activation of NADPH oxidase. In the present study, we performed gene silencing by siRNA to inhibit Rac1 expression and then detected the role of this Rac1 in the regulation of NADPH oxidase activity induced by Hcys in RMCs. This RNA interference approach is considered as a more specific and powerful method than traditional pharmacological interventions, which may more definitively define the role of for Rac1 in Hcys-induced NADPH oxidase activation. It was found that Hcysincreased O 2 .
production was significantly blocked by Rac1 siRNA. These results suggest that Rac1 importantly contributes to the action of Hcys in these RMCs.
Next, we explored the mechanisms by which Hcys activates Rac1 in RMCs. In this regard, GEFs are directly responsible for the activation of Rac/Rho GTPases in response to diverse extracellular stimuli and regulate numerous cellular responses such as proliferation, differentiation and movement [35] . Over 90 distinct GEFs in mammals, Dbl-related GEFs represent the largest family of direct activators of Rac/Rho GTPases including several subfamilies of proteins such as Vav, Tiam1, Dbs, ITSN-L, Trio and LARG [35] . Among them, Vav and Tiam1 are GEFs that exhibit high specificity to Rac GTPasemediated NADPH oxidase activity [22, 24, 36] . In our preliminary studies, however, immunohistochemical and Western blot analyses have shown that Tiam1 is not detectable in the kidney or RMCs, suggesting that Tiam1 may not be abundantly expressed in the kidney. Therefore, we wondered whether the Vav family of GEFs is involved in Hcy-induced Rac1 and NADPH oxidase activation. It has been reported that the Vav family consists of three known members -Vav1, Vav2 and Vav3. The first member of Vav family to be described, initially termed Vav and now known as Vav1, is a hematopoietic cellspecific signal transducer protein [37] . Vav2 and Vav3 are expressed ubiquitously [20, 38] . All Vav proteins contain several characteristic structural motifs that enable their function as signal transducer proteins. From the N terminus to the C terminus, they include a calponin homology domain, an acidic-rich domain, which functions as an actin-binding domain in other proteins; a Dbl homology (DH) domain, which exhibits GEF activity towards the Rho family GTPases; a PH domain, which interacts with polyphosphoinositides; an Src homology 2 domain (SH2), and two Src homology 3 (SH3) domains that mediate protein-protein interactions. In the present study, we first determined the expression profile of the Vav family members in RMCs and renal tissues. By real time RT-PCR and Western blot analyses, Vav2 and Vav3 but not Vav1 were detected in the kidney, which is consistent with previous studies showing that Vav1 is predominantly expressed in hematopoietic cells, Vav2 and Vav3 are more widely expressed. In cultured RMCs, mRNA level of Vav2 was 20-fold higher than that of Vav3. Moreover, we failed to detect Vav3 in RMCs despite evidence its expression in whole kidney tissue. Together, it is indicated that Vav2 is a predominant isoform expressed in RMCs. Therefore, this GEF may represent a RMC-specific candidate to mediate the activation of Rac GTPase induced by Hcys in these cells. To test this hypothesis, we used small RNA interference strategy to determine the importance of Vav2 in mediating Hcysinduced activation of Rac and consequent NADPH oxidase. It was found that Hcys-induced increases in Rac1 activity were significantly attenuated by Vav2-siRNA. Similarly, NADPH oxidase activity increased by Hcys was completely abolished. These results suggest that Vav2 may determine the action of Hcys that activates Rac1 and thereby enhances NADPH oxidase activity. In fact, a very recent study from Miletic AV et al have identified the Vav family of GEFs as critical mediators of LPS-induced MyD88-dependent activation of Rac2, NADPH oxidase, and ROS production using mice deficient in Vav1, Vav2, and Vav3. They also found that Vav proteins including Vav2 are required for p38 MAPK activation and for normal regulation of proinflammatory cytokine production, indicating the important role of Vav2-medicated NADPH oxidase activity in the regulation of cell functions in other cells [22] .
Previous studies in our laboratory have demonstrated that Hcys-induced Rac activation is associated with enhanced de novo ceramide synthesis [6] and that inhibition of de novo ceramide synthesis by FB 1 attenuated Hcys-induced increase in ceramide production, Rac GTPase and NADPH oxidase activity in RMCs. It is concluded that ceramide-mediated signaling is of importance in Hcys-induced enhancement of Rac GTPase activity in RMCs. Therefore, we hypothesized that Vav2 may contribute to the effects of Hcys-stimulated ceramide production on Rac1 activity. In the present study, exogenous C16-Cer was used to further demonstrate the action of ceramide in activation of Rac1 through Vav2. In control RMCs, this ceramide was found to stimulate Rac1 activity, while in Vav2-siRNA transfected RMCs ceramide-induced stimulatory action on Rac GTPase disappeared. By measurement of O 2 .-production using ESR, Vav2-siRNA also blocked C16-Cer-induced increase in NADPH oxidase activity. From these results, we believe that Hcys may stimulate Vav2 and lead to activation of Rac GTPase through ceramide production in RMCs.
To further explore the mechanism by which Hcys or ceramide enhances the activity of Vav2 to activate Rac GTPase, we first examined whether increased Vav2 activity in Hcys or ceramide treated RMCs is associated with upregulation of this GEF. However, it was demonstrated that either Hcys or C16 ceramide did not alter Vav2 expression at both mRNA and protein levels. This suggests that Hcys or ceramide does not exert their action through increase in Vav2 expression. Then, we wonder whether other regulatory mechanism is involved in Hcys-induced enhancement of Vav2 activity. In this regard, there is evidence that at the resting state, the GEF activity of Vav1 is inhibited by its N-terminal arm, which occludes the DH domain essential for interactions with small G proteins. When Tyr 174 in the N-terminal arm of Vav1 is phosphorylated by stimulation, this arm is released from the DH domain, resulting in the exposure of the site and producing GEF activity and consequent activation of Rac [20] . To determine whether this phosphorylation is involved in the action of Hcys and ceramide on Rac GTPase, we addressed the effects of Hcys on the phosphorylation of an analogous residue Tyr It should be noted that the present study did not attempt to address how Hcys or ceramide stimulates tyrosine phosphorylation of Vav2. However, recent studies have reported that ceramide-induced enhancement of Vav2 activity may be related to activation of tyrosine kinase Src [39, 40] . In other studies, Src was reported to induce phosphorylation of Vav and other GEFs such as Tiam1 [41] [42] [43] . Therefore, it is very possible that Hcys or production of ceramide stimulated by Hcys may increase activity of Vav2 by Src-mediated phosphorylation. Further studies are needed to address this hypothesis in the future.
In summary, the present study represents the first report that characterizes the Vav family in the kidney and RMCs. Our results demonstrate that Vav2 is a predominant isoform in these kidney cells. Furthermore, Vav2 was found to importantly participate in Hcys-induced increases in Rac GTPase activity and consequent activation of NADPH oxidase. This role of Vav2 in Hcysinduced activation of Rac GTPase is associated with its phosphorylation via ceramide signaling pathway. It is concluded that Vav2 in RM Cs importantly contributes to Hcys-induced activation of Rac GTPase and consequent NADPH oxidase, thereby producing local oxidative stress and resulting in glomerular injury and endstage renal disease associated with hHcys.
